The histone chaperone Asf1 and the checkpoint kinase Rad53 are found in a complex in budding yeast cells in the absence of genotoxic stress. Our data suggest that this complex involves at least three interaction sites. One site involves the H3-binding surface of Asf11 with an as yet undefined surface of Rad53. A second site is formed by the Rad53-FHA1 domain binding to Asf1-T 270 phosphorylated by casein kinase II. The third site involves the C-terminal 21 amino acids of Rad53 bound to the conserved Asf1 N-terminal domain. The structure of this site showed that the Rad53 C-terminus binds Asf1 in a remarkably similar manner to peptides derived from the histone cochaperones HirA and CAF-I. We call this binding motif, ðR∕KÞRðI∕A∕VÞ × ðL∕PÞ, the AIP box for Asf1-Interacting Protein box. Furthermore, C-terminal Rad53-F 820 binds the same pocket of Asf1 as does histone H4-F 100 . Thus Rad53 competes with histones H3-H4 and cochaperones HirA/CAF-I for binding to Asf1. Rad53 is phosphorylated and activated upon genotoxic stress. The Asf1-Rad53 complex dissociated when cells were treated with hydroxyurea but not methyl-methane-sulfonate, suggesting a regulation of the complex as a function of the stress. We identified a rad53 mutation that destabilized the Asf1-Rad53 complex and increased the viability of rad9 and rad24 mutants in conditions of genotoxic stress, suggesting that complex stability impacts the DNA damage response.
The histone chaperone Asf1 and the checkpoint kinase Rad53 are found in a complex in budding yeast cells in the absence of genotoxic stress. Our data suggest that this complex involves at least three interaction sites. One site involves the H3-binding surface of Asf11 with an as yet undefined surface of Rad53. A second site is formed by the Rad53-FHA1 domain binding to Asf1-T 270 phosphorylated by casein kinase II. The third site involves the C-terminal 21 amino acids of Rad53 bound to the conserved Asf1 N-terminal domain. The structure of this site showed that the Rad53 C-terminus binds Asf1 in a remarkably similar manner to peptides derived from the histone cochaperones HirA and CAF-I. We call this binding motif, ðR∕KÞRðI∕A∕VÞ × ðL∕PÞ, the AIP box for Asf1-Interacting Protein box. Furthermore, C-terminal Rad53-F 820 binds the same pocket of Asf1 as does histone H4-F 100 . Thus Rad53 competes with histones H3-H4 and cochaperones HirA/CAF-I for binding to Asf1. Rad53 is phosphorylated and activated upon genotoxic stress. The Asf1-Rad53 complex dissociated when cells were treated with hydroxyurea but not methyl-methane-sulfonate, suggesting a regulation of the complex as a function of the stress. We identified a rad53 mutation that destabilized the Asf1-Rad53 complex and increased the viability of rad9 and rad24 mutants in conditions of genotoxic stress, suggesting that complex stability impacts the DNA damage response.
checkpoint | chromatin | DNA damage | NMR | X-ray structure A sf1 is a highly conserved chaperone of histones H3 and H4 that has been implicated in histone modification and nucleosome assembly/disassembly during DNA transcription, replication, recombination, and repair (1) . In addition to H3-H4, Asf1 interacts with several other chromatin-associated proteins in a conserved manner, including the HirA and CAF-I histone cochaperones (2) and the Bdf transcription factors (3) . In budding yeast, Asf1 also forms a complex with the DNA damage checkpoint kinase Rad53 (4, 5) . Curiously, in mammalian cells, Asf1 does not appear to interact with Chk2 (6), the mammalian ortholog of Rad53, but rather with Tousled-like kinases that are also implicated in DNA damage responses but that are not conserved in yeast (7) . The Asf1-Rad53 complex was reportedly dissociated when yeast cells were subjected to genotoxic stress in a Mec1-dependent manner (4, 5) . Mec1 activates Rad53 by phosphorylation in response to genotoxic stress. It was suggested that Rad53 could target Asf1 to sites of DNA damage where Rad53 activating phosphorylation would then liberate Asf1 to facilitate DNA repair (4, 5) . This model is compelling, but no experimental verification has yet appeared. Rad53 binding to Asf1 was also suggested to inhibit the ability of Asf1 to promote transcriptional silencing on the basis of genetic data (8) . To test the functional importance of the Asf1-Rad53 complex, we mapped the interaction surfaces and solved the X-ray structure between the conserved Asf1 N-terminal domain (Asf1N) and the C-terminal peptide of Rad53. These structural data allowed us to identify a mutation destabilizing the complex. Interestingly, this mutant increased the resistance to genotoxic stress of rad9 and rad24 mutants that are partially defective in Rad53 activation.
Results
Rad53 and Asf1 Interact Through At Least Two Binding Sites. We used GST pull-down experiments to characterize the Asf1-Rad53 interaction in vitro. Different constructs of Asf1 (full-length and N-terminal domain) and Rad53 (full-length, and fragments containing the FHA1 domain, the kinase domain, the FHA2 domain, or C-terminal peptides) were expressed and purified from Escherichia coli with a GST or a 6His tag, respectively (Fig. 1A) . Full-length Rad53 undergoes extensive autophosphorylation when it is expressed in E. coli (9) and this form of the protein was unable to bind Asf1 (Fig. 1B) . In vitro, dephosphorylation of Rad53 allowed its binding to both GST-Asf1 and GST-Asf1N, but not to GST alone (Fig. 1B and Fig. S1A ). Thus, Rad53 autophosphorylation blocks its binding to Asf1. We further analyzed binding of Rad53 domains to the GST-Asf1 constructs. Interestingly, both GST-Asf1 and GST-Asf1N specifically bound C-terminal peptides of Rad53, but not the FHA1, kinase, or FHA2 domains (Fig. 1B) . Schwartz et al. previously showed that the Rad53 FHA1 domain could pull down Asf1 in yeast extracts, but treatment of such extracts with protein phosphatase prevented binding (10) . We confirmed this observation, and we further verified that GST-Rad53-Cter peptides (aa 734-821 and 781-821) could pull down Asf1 from yeast extracts treated with protein phosphatase (Fig. 1C and Fig. S1B ). These results suggest that Rad53 and Asf1 interact through at least two binding sites: Rad53-FHA1 binds a phosphorylated site of Asf1, and the C-terminal peptide of Rad53 binds Asf1N.
The Rad53 FHA1 Domain Binds Asf1 Phosphorylated on T 270 . The Rad53 FHA1 domain was previously shown to bind pTxxD phospho-threonine peptides (11, 12) . We sought Asf1 phospho-threonines recognized by FHA1. Rad53-FHA1 could pull down fulllength Asf1, but not Asf1N from yeast extracts, indicating that the phospho-peptide bound by FHA1 is within the acidic C-terminal tail of Asf1 that contains two pairs of threonines nearby acidic residues (Fig. 1D and Fig. S2A ). We created two mutants in which threonines were changed to alanine in a pairwise fashion (T 215 A þ T 220 A and T 265 A þ T 270 A) and expressed them in yeast. The Rad53-FHA1 domain could pull down the T 215 A þ T 220 A mutant, but not the T 265 A þ T 270 A mutant (Fig. 1D) . Interestingly, of these four threonine residues, only T 270 is conserved in the Asf1 sequence from different yeast species (Fig. S2A) , and was the only site predicted to bind FHA1 by the STRIP program that we developed for the prediction of phospho-binding sites (13) . Importantly, phospho-T 270 was found on Asf1 that copurified with Rad53 from yeast extracts (14) . Finally, a synthetic Asf1 peptide phosphorylated solely on T 270 interacted with the FHA1 domain as determined by NMR chemical shift perturbation experiments (Fig. S2 B and C) . The FHA1 binding mode was similar to that of other FHA1 partners (see Supporting Information) (11, 12, 15) . Isothermal titration calorimetry (ITC) indicated that FHA1 bound the phospho-T 270 peptide with a dissociation constant of 5.3 μM (Fig. S2D) . The Rad53-FHA1 domain was previously shown to interact with peptides that had been phosphorylated by casein kinase II (15) whose catalytic subunits are encoded by the yeast CKA1 and CKA2 genes (16) . We thus examined if this was also the case for Asf1. We found that CK2 was able to phosphorylate in vitro the C-terminal tail of Asf1 (Fig. S2E) . We also found that FHA1 could not pull down Asf1 from a thermosensitive yeast cka1Δ cka2-ts mutant (16) (Fig. 1D) . Furthermore, yeast Cka1 and Cka2 were found to copurify with Asf1 in a high-throughput screen (17) . Altogether, these results suggest that CKA2 phosphorylates at least T 270 in Asf1 and that this creates a binding site for the Rad53-FHA1 domain.
The Rad53 C-terminal Peptide (aa 800-821) Binds to Asf1N on the HirA/ CAF-I and Histone H4 Binding Surfaces. We used ITC to define more precisely the minimal Rad53 C-terminal fragment sufficient for Asf1N binding. Peptides from 8-40 residues were synthesized and tested for their binding affinity to Asf1N (Table 1 ). The fragment containing the last 21 aa of Rad53 (800-821) was the minimum fragment retaining the maximum binding affinity to Asf1N. The dissociation constant was 0.08 (±0.03) μM, which is 2 orders of magnitude lower than for the Rad53 FHA1-phospho-Asf1 interaction (Fig. S3A) . We then solved the structure of the complex between Asf1N (1-156) and the Rad53 C-terminal peptide (800-821) by X-ray crystallography at 2.9 Å resolution (see Table S1 for statistics). The peptide contacts Asf1 in two distinct regions defining two binding epitopes ( Fig. 2A) . The first binding epitope corresponds to Rad53 K 804 -T 811 that lies in an extended conformation on the hydrophobic surface of Asf1 between the fourth and the fifth beta strands (residues D 58 to F 72 ). Three Rad53 residues (K 804 CO, A 806 NH, and D 809 NH, CO) establish backbone pairing hydrogen bonds with Asf1 L 61 NH, CO and K 71 NH, CO, respectively. The side chains of two Rad53 residues, A 806 and L 808 , point toward the Asf1 conserved hydrophobic surface composed of I 60 , L 61 , V 62 , and F 72 side chains. In addition, the side chains of two basic residues, K 804 and R 805 form salt bridges with Asf1-D 58 and D 37 , respectively (Fig. 2B) . Interestingly, despite a low sequence identity, this binding epitope overlaps that of the B domain-like peptides of HirA/p60-CAF-I (2, 18) with a similar binding mode (Fig. 2C ), suggesting that Rad53 binding to Asf1 is competitive with HirA and CAF-I. Pull-down experiments provided biochemical evidence for this competitive interaction (Fig. S3B) . Based on the alignment of HirA, CAF-I, and Rad53 C-terminal peptides, we defined an Asf1 binding motif that is less stringent than previously proposed (2, 18) . We call this motif, (R/ K)R(I/A/V)x(L/P), the AIP box for Asf1-Interacting Protein box. The motif is centered on one strictly conserved arginine residue, corresponding to R 805 in the case of Rad53, preceded by a basic residue and followed by a hydrophobic residue (I/A/V) in position i þ 1, and (L/P) in position i þ 3 with respect to the conserved arginine (Fig. S3C) . Interestingly, the AIP box is present in a subset of proteins that interact with Asf1 in an unknown manner, and may thus potentially bind to the same surface of Asf1 as HirA, p60-CAF-I, and Rad53 (Table S2 ). These proteins include yeast Kap123, Spt15 and human codanin-1. coli for pull-down assays. (B) GST pull-down assays with GST, GST-Asf1, GST-Asf1N, and different 6His-tagged fragments of Rad53. The asterisk indicated a dimeric form of GST and the double asterisk indicates a GST-Asf1 degradation product. (C) GST-pulldown assays with GST, GST-FHA1, GST-Rad53-C-ter, and yeast extracts expressing Asf1-myc. The asterisk corresponds to a degradation product of GST-C-ter. (D) GST pull-down assay with GST (control) and GST-FHA1 (Pull-down) of yeast extracts expressing Asf1-myc full-length, Asf1N-myc, or Asf1-myc mutated on threonine residues of the C-terminal tail as indicated. The pull-down was performed with extracts from the wild-type or cka1Δ cka2-ts (thermosensitive mutant of CKA2) mutants expressing or not WT CKA2 from a plasmid, and with the addition of calf intestinal phosphatase to cell extracts where indicated (CKA2 + CIP). The second Asf1-binding epitope of the Rad53 C-terminal peptide involves its last three residues (819-821), and in particular F 820 that burrows in the hydrophobic cavity formed by the first and last Asf1 beta strands (residues L 6 , I 9 , and P 144 ) (Fig. 2B) . The position of this aromatic residue overlaps that of histone H4-F 100 (Fig. 2C ), suggesting that this interaction competes with binding of histone H4 to Asf1.
In the crystal structure, the Rad53(800-821) peptide swaps between two Asf1 molecules (Supporting Information and Fig. S4 ). Analysis of the dynamic behavior of the complex using NMR spectroscopy showed that bridging of Asf1 dimers by the Rad53 peptide is an artefact of the crystal packing (Supporting Information and Fig. S5 ). Furthermore, the second epitope is highly dynamic, consistent with its ability to swap with a second Asf1 molecule in the crystal.
We analyzed by ITC the relative importance of residues found in contact with Asf1 in the structure (Table 1) . Consistent with the dynamic analysis, deletion of the second binding epitope or mutation of the aromatic F 820 residue had a minor impact on the binding affinity, while deletion or mutation of hydrophobic or charged residues inside the first epitope (the AIP box) prevented binding or dramatically decreased the affinity (Table 1) . Thus, the AIP box predominates in Asf1-Rad53 binding.
Mutations in the H3, H4, and HirA/CAF-I Binding Surfaces of Asf1N Affect the Stability of the Asf1-Rad53 Complex. We mutated Asf1 at a series of residues dispersed over the surface of the N-terminal domain (Fig. 3A) . Immunoprecipitation of wild-type and mutant Asf1 from yeast cell extracts showed that specific residues located in the histone H3, histone H4, and HirA/CAF-I binding surfaces of Asf1 were important for its binding to Rad53, whereas other sites had no effect (Fig. 3B) . The D 37 R þ E 39 R and the T 147 A mutants are located in the HirA/CAF-I (2, 18) and histone H4 (19, 20) binding surfaces of Asf1, respectively, and both mutants showed reduced affinity for Rad53 as predicted by the structure of the Rad53 C-terminal peptide bound to Asf1. Interestingly, the V 94 R mutant that blocks binding to histone H3 (21) is also defective in binding to Rad53. This residue is too far from the Rad53 C-terminal peptide to be able to affect its binding directly. Furthermore, NMR experiments showed that the V 94 R mutation has little effect on the overall Asf1N tertiary structure (21) , so it is unlikely that this mutation affects Rad53 binding through indirect conformational changes. We considered two explanations for these results. One possibility was that histone H3 bound to Asf1 contributes to the binding of Rad53. To test this possibility, we immunoprecipitated Asf1 from yeast cell extracts containing the histone H3-R 129 E mutant in place of the wild type. We previously showed that this mutant is unable to bind Asf1 (22, 23) . We found that Rad53 was still immunoprecipitated with Asf1 in these extracts in which H3-R 129 E was not associated with Asf1 (Fig. 3C) . This result suggests that Rad53 binding to Asf1 does not require bridging by histone H3. The second possibility is that Asf1 may directly interact with Rad53 through a third binding site overlapping the histone H3 binding surface of Asf1N. Schwartz et al. showed that a Rad53-K 227 A þ D 339 A kinase-dead mutant coimmunoprecipitated weakly with Asf1 in yeast extracts compared to wild-type Rad53 (10). We confirmed this result and showed that the Rad53-K 227 A single mutant was also affected in its interaction with Asf1 (Fig. S6A ). These observations suggest that the Rad53 kinase domain might be able to interact with Asf1, although we did not observe an obvious interaction of the Rad53 kinase domain with GST-Asf1 or GST-Asf1N when all proteins were purified from E. coli (Fig. 1B) . Alternatively, Rad53 kinase activity may be indirectly required for this putative third interaction site. Our current working model is that Asf1 and Rad53 interact at three distinct surfaces to form a complex that precludes binding of histones and histone cochaperones to Asf1 (Fig. 3D) .
Phosphorylation of C-terminal Rad53 Serine and Threonine Residues
Cannot Explain Dissociation of the Rad53-Asf1 Complex Upon Treatment of Yeast Cells with Hydroxyurea. Some previous work suggested that Rad53 and Asf1 are found in a complex in yeast cells in the absence of genotoxic stress, but the complex was dissociated upon treatment of cells with hydroxyurea (HU) or methyl-methane-sulfonate (MMS) (4, 5) . We confirmed that Rad53 was no longer immunoprecipitated with Asf1 when cells were treated with HU (Fig. 4A, Left) . However, we found that phosphorylated forms of Rad53 still coimmunoprecipitated with Asf1 when cells were treated with MMS (Fig. 4A, Middle) , although the most highly phosphorylated species were not coimmunoprecipitated. These results are consistent with a mass spectroscopy study showing that Asf1 remained associated with Rad53 after treating cells with MMS (14) . It is possible that earlier work showing a dissociation of the complex after MMS treatment of cells used immunoprecipitation conditions that were overly stringent. Our results suggest that the complex is differentially regulated in response to HU or MMS treatment, presumably to allow a tailored cellular response to these distinct genotoxic stresses.
Rad53 is phosphorylated at more than 20 serine or threonine residues, some of which are phosphorylated differentially depending on the type of genotoxic stress (9, 14) . Dissociation of the Rad53-Asf1 complex may be induced by phosphorylation of Rad53 on specific sites after treatment of cells with HU. We noticed that there are three serine/threonine residues in the Rad53 C-terminal peptide (T 811 , S 812 , and S 821 ) that binds Asf1N. Relative to the Asf1N binding epitopes in the Rad53 C-terminal sequence ( Fig. 2A) , T 811 and S 812 are located at the very end of the first binding epitope, and S 821 is in the second binding epitope. We mutated each of these serines/threonine to acidic residues to produce a phospho-mimetic mutant (Rad53-T 811 Dþ S 812 D þ S 821 E, abbreviated as Rad53-TSSDEE). If phosphorylation of one or more of these residues is sufficient to induce dissociation of the complex in response to HU, we would expect that the phospho-mimetic Rad53-TSSDEE mutant would not be associated with Asf1 even in the absence of genotoxic stress. However, we found that Rad53-TSSDEE coprecipitated with Asf1 in the absence of genotoxic stress, even in the context of the nonphosphorylatable Asf1 − T 265 A þ 270 A mutant that is defective in binding Rad53-FHA1 (Fig. 4A, Right and Fig. S6B ). Thus, phosphorylation of C-terminal Rad53 T 811 , S 812 , or S 821 residues may potentially contribute to destabilizing the complex, but is not sufficient to explain dissociation of the complex in response to HU treatment. that is important in the binding affinity of the Rad53-C-terminal peptide with Asf1N (Fig. 2B) . Rad53 A 806 and L 808 also constitute the two hydrophobic residues of the AIP box. Mutation of these residues to arginine greatly decreased the affinity of the Rad53 C-terminal peptide for Asf1N (Table 1) . Consistently, the yeast Rad53-A 808 R þ L 808 R (abbreviated Rad53-ALRR) mutant did not coimmunoprecipitate with Asf1 from yeast extracts (Fig. 4B) . These observations are consistent with a destabilization of the Asf1-Rad53 complex in the rad53-ALRR mutant. In contrast, Asf1-T 265 A þ T 270 A was still bound to Rad53 despite its defective interaction with Rad53-FHA1 (Fig. 4A, Right) . Thus, the interaction of the Rad53-C-terminal peptide with Asf1 makes a more important contribution to the stability of the complex than does the FHA1 interaction, consistent with the ITC data. We tested the rad53-ALRR and asf1-T 265 A þ T 270 A mutants as well as the combined triple mutant for sensitivity to HU and MMS but found no obvious differences with the wild type (Fig. 4C and Fig. S6C ). The rad53-K227A kinase-dead mutant is sensitive to histone gene overexpression (8, 24) . Interestingly, we found that the rad53-ALRR mutant is slightly sensitive to HHT1 (histone H3) overexpression, although not to the same extent as rad53-K227A (Fig. S6D) . Rad53 is activated in response to genotoxic stress by two parallel pathways. One pathway is mediated by Mrc1 in response to blocked replication forks (25) , and the other depends on Rad9, the Rad24 clamp loader complex, and a PCNA-like clamp complex (26) . Strikingly, we found that Rad53-ALRR increased the resistance of rad9, rad24, and rad9 rad24 double mutants to MMS (Fig. 4C ). This effect was not observed for the asf1-T 265 A þ T 270 A mutant (Fig. S6C) . Rad53-ALRR also increased the resistance of the rad9 rad24 double mutant to HU. In contrast, it did not modify the resistance of the mrc1 mutant to HU or to MMS.
We compared activating phosphorylation of Rad53 in response to HU and MMS in the wild type, the rad53-ALRR mutant, the rad9 rad24 double mutant, and the rad53-ALRR rad9 rad24 triple mutant. We found no dramatic differences in Rad53 levels or phosphorylation in any of these contexts, but a modest decrease in Rad53 phosphorylation was observed in the rad9 rad24 double mutant, the rad53-ALRR mutant, and the rad53-ALRR rad9 rad24 triple mutant compared to the wild type in response to HU and MMS (Fig. 4D ). This slight difference in phosphorylation was not correlated with sensitivity of these strains to HU or MMS exposure. Since defects in Rad53 dephosphorylation have also been implicated in sensitivity to genotoxic stress, we compared Rad53 dephosphorylation in wild type and rad53-ALRR mutant cells after a transient exposure to MMS, but found no obvious difference between the two strains (Fig. S6E) . Thus, the ability of the Rad53-ALRR mutant to increase the resistance of rad9 and rad24 mutants to genotoxic stress does not appear to be due to obvious differences in Rad53 activation or inactivation.
Discussion
We discovered a remarkable complexity to the Asf1-Rad53 interaction that appears to involve three distinct interaction surfaces. First, we show that the Rad53-FHA1 domain binds Asf1 phosphorylated at T270 in its C-terminal acidic tail domain in a casein kinase II-dependent manner. Rad53-FHA1 binds multiple phospho-proteins (13), so there is likely to be dynamic competitive interactions that contribute to the functions of Rad53 in DNA replication and repair. The affinity of the pT 270 Asf1 phosphopeptide is modest (5 μM) compared to other known FHA1 partners like Ptc2 and Cdc45 (approximately 0.5 μM) (13) . Mutation of Asf1-T265 and T270 to alanine prevented binding of Asf1 to Rad53-FHA1, but this mutant had no apparent phenotype and still coimmunoprecipitated with Rad53. We defined a second interaction surface comprised of the C-terminal 21 aa of Rad53 that binds the same surfaces of the conserved Asf1 N-terminal domain as do the histone cochaperones HirA/CAF-I and histone H4. Indeed, the Rad53 C-terminal peptide has a strikingly similar binding mode to the HirA and p60-CAF-I B-domain peptides (2, 18) , and it is clear that the three proteins must compete for binding to the same surface of Asf1N. Considering the relative affinity of the corresponding peptides for Asf1, the Saccharomyces cerevisiae Rad53 C-terminal peptide presents the highest affinity (approximately 100 nM, Table 1 ) compared to the FHA1 binding site and also compared to that of human and Schizosaccharomyces pombe HirA/p60-CAF-I B-domain peptides for Asf1 (approximately 2 μM) (2, 18) . Based on the structure of Rad53, HirA, and p60-CAF-I B-domain peptides in complex with Asf1, we derived a new minimal sequence motif (R/K)R(I/A/V)x(L/P) that we call the AIP box (Asf1-Interacting Protein box), for peptides potentially able to bind this same surface of Asf1 (Fig. S3C) . In the three founding members of the AIP box family, namely Rad53, HirA, and p60-CAF-I, mutation of the central arginine residue or the two hydrophobic residues in positions i þ 1 and i þ 3 abolishes the binding of the peptide to Asf1 (Table 1) (2, 18) . This small degenerate binding motif could be compared to the wellcharacterized PCNA PIP box that is found in many proteins associated with the replication fork with binding affinities to PNCA in the same range as the AIP box to Asf1 (100 nM to 50 μM) (27) . The AIP box is too degenerate to identify novel Asf1 binding partners by searching in the large database of nonredundant protein sequences. However, we found this motif in a subset of proteins that bind Asf1 in an unknown manner (Table S2) . It is now possible to mutate these potential AIP boxes to assess their functional importance. Interestingly, the Rad53 AIP box is conserved only in yeast species, consistent with the fact that the human Chk2 ortholog was not found in a complex with Asf1 (6).
Phe-820 of Rad53 also competes with Phe-100 of histone H4 for binding to a distinct surface of Asf1N. It is unlikely that the Rad53 C-terminal peptide is able to compete with binding of the heterodimeric H3-H4 to Asf1N that occupies a much greater surface than that of the F 820 binding pocket. However, the Asf1-V 94 R mutant is defective in both histone H3 and Rad53 binding. Since Asf1-V 94 is distal to the surface bound by the Rad53 C-terminus, an additional region of Rad53 likely interacts with the H3 binding epitope on Asf1N. Similarly, it was suggested that in addition to its AIP box, other regions of HirA must contribute to its interaction with Asf1 and impart specificity for binding to the mammalian Asf1a isoform (2).
Rad53 and Asf1 are found in a complex in yeast cells in the absence of genotoxic stress. Our data indicate that Rad53 competes with histones H3-H4 and the cochaperones HirA and CAF-I for binding to Asf1. We found that the Asf1-Rad53 complex was dissociated when cells were treated with hydroxyurea, a ribonucleotide reductase inhibitor, but not when cells were treated with the methylating agent MMS. Rad53 is activated by phosphorylation at multiple sites in response to genotoxic stress. Some sites, such as T-loop phosphorylation, are probably necessary for Rad53 activation in all situations. However, other phosphorylations are specific to cells treated with the UV-mimetic 4-nitroquinoline 1-oxide or with MMS (9, 14) . Some phosphorylation sites specific to HU treatment may explain the dissociation of the Asf1-Rad53 complex in this condition relative to MMS. A phospho-mimetic mutant at putative phosphorylation sites in the C-terminus of Rad53 did not lead to dissociation of Asf1. Thus, we suggest that phosphorylation within the putative third interaction surface in the Asf1-Rad53 complex is required for dissociation of the complex in presence of HU. Dissociation of the Asf1-Rad53 complex would increase the pool of Asf1 competent for binding histones and other partners, and could also modify the ability of Rad53 to phosphorylate specific substrates. The identification of Rad53 phosphorylation sites that are specific to HUtreated cells would allow further testing of this model.
Our structure of Asf1N in association with the Rad53 C-terminal peptide allowed us to identify residues important for the sta-bility of the complex. The rad53-ALRR AIP box mutations disrupt an important hydrophobic contact and destabilize the Asf1-Rad53 complex in yeast cells. The rad53-ALRR mutant did not have an obvious phenotype with regard to genotoxic stress, however, it did show some sensitivity to overexpression of histone H3 for reasons yet to be determined. Rad53-ALRR also increased the resistance to genotoxic stress of rad9 and rad24 mutants. The Asf-1-T265A+270A mutant does not detectably destabilize the Asf1-Rad53 complex and did not increase the resistance of rad9 and rad24 to genotoxic stress, so we suggest that decreased stability of the Asf1-Rad53 complex is required for this effect. Rad9 and Rad24 are implicated in activation of Rad53 in response to DNA double-strand breaks (26) . In asynchronously growing cells, we observed only modest decreases in Rad53 phosphorylation in the rad9 rad24 mutant treated with HU or MMS compared to wild-type cells, presumably because Rad53 is still efficiently activated by Mrc1 at stalled replication forks in these cells (25) . The rad53-ALRR mutation did not significantly modify the profile of Rad53 phosphorylation, so the increased viability of rad53-ALRR rad9 rad24 mutants exposed to MMS or HU may not be through effects on Rad53 activity. We favor the hypothesis that the decreased stability of the Rad53-Asf1 complex in the rad53-ALRR mutant increases cell viability through increased tolerance or repair of lesions (including reconstitution of chromatin structure) provoked by HU or MMS in the rad9 rad24 mutants. This could presumably occur by the increased availability of Rad53 or Asf1 to interact with its multiple alternative partners at the levels of DNA metabolism and chromatin.
Materials and Methods
Production and Purification of Recombinant Proteins for Biophysical and Structural Studies. Production and purification of recombinant proteins were performed as described in (21) . Briefly, recombinant soluble ðHisÞ 6 -tagged GST fusion proteins were purified on GSH agarose (Sigma) and cleaved using a ðHisÞ 6 -tagged TEV protease. A Ni-NTA agarose column (Qiagen) was used to trap the ðHisÞ 6 -tagged TEV protease and the ðHisÞ 6 -tagged GST.
Crystallization, Data Collection, Structure Determination, and Refinement. Crystals of the complex were grown by sitting drop vapour diffusion at 20°C against reservoir solution containing 35% PEG 4000, 0.1M Na Acetate-pH 4.6, 0.2 M NH 4 sulphate. Diffraction data were collected on the Proxima1 beamline at the SOLEIL synchrotron (Gif-sur-Yvette, France). All data were processed and integrated using XDS (Table S1 ). Structure resolution was carried out using molecular replacement using the structure of yeast Asf1 as search model (PDB ID code 1ROC). The structure was refined and the peptide model was built using the software Buster and visualized with the software Coot.
NMR Experiments NMR experiments were carried out on Bruker DRX-600 MHz and 700 MHz spectrometers equipped with cryoprobes. All NMR data were processed using Xwinnmr (Bruker) and analyzed using Sparky (T. D. Goddard and D. G. Kneller, University of California, San Francisco). NMR samples of the complex between Asf1 (1-156) and Rad53 (800-821) were prepared in the following buffer: Tris D 11 10 mM, pH 7.4, NaN3 0.1%, EDTA 1 mM, DSS 0.1 mM. D 2 O 10% or 100%. The buffer phosphate 10 mM, pH 6.5, DTT 1 mM, NaN 3 0.1%, EDTA 1 mM, DSS 0.1 mM. D 2 O 10% was used for the complex between Rad53 FHA1 (1-164) and Asf1 (266-277).
Phenotypic Analysis. For spotting analyses, cells were resuspended at 10 7 ∕mL, subjected to 10-fold serial dilutions, and 3 μL of each dilution was spotted on plates of YPD, YPD + 100 mM HU, and YPD + 0.0025% MMS. Growth was assayed at 72 h.
More detailed information on Materials and Methods including isothermal titration calorimetry (ITC) experiments, GST pull-down assays, phenotypic analysis, yeast strains, construction of mutants and analysis of Rad53 phosphorylation and dephosphorylation is provided in the Supporting Information.
